] i increases transiently and/or repetitively in response to many abiotic and biotic stimuli (1) (2) (3) and also displays diurnal oscillations in animals and plants (4, 5) . In plants, the resting circadian [Ca 2+ ] i oscillations occur at the whole-tissue level (6) , in contrast to those seen in specific neurons in animals (4, 7) , and are regulated by photoperiod and light intensity (8) . This oscillating feature implies a robust regulatory machinery that synchronizes [Ca 2+ ] i throughout the plant. However, due to the lack of the knowledge of sensory receptors and Ca 2+ channels (2, 5, 9) ] i was lower in CASas than in wild-type plants (Fig. 1A) .
Next, we asked whether [Ca 2+ ] i oscillations were affected in CASas. Biological oscillations can be described by three parameters: amplitude, phase, and period (12) . Quantitative analysis of leaf aequorin luminescence showed that the amplitudes of [Ca 2+ ] i oscillations were reduced in CASas throughout a long day ( Fig. 1B ; P < 0.001). The average resting [Ca 2+ ] i and absolute amplitude (peak − trough) were reduced by 46.0 ± 2.3% and 50.2 ± 3.5% (P < 0.001), respectively. However, the phase and period were not altered in CASas (P > 0.1), indicating that CAS is required for maintaining appropriate oscillating amplitudes. Similar results were seen in three CASas lines, CASas1 to CASas3 (10).
The reduced luminescence in CASas was not due to low abundance of cytosolic aequorin. Aequorin-expressing CASas lines were generated from a cross between CASas and a wild-type line carrying the 35S::aequorin construct. The stability of aequorin expression in wild-type plants was confirmed for eight generations. The CASas and wild-type lines had similar aequorin protein levels ( fig. S1A ), which remained stable throughout a long day ( fig. S1B ). Finally, the maximum luminescence was identical in both genotypes, as estimated by discharge in excess Ca 2+ . Our data prompted us to investigate how [Ca 2+ ] o is regulated. Ca 2+ is dissolved in water in the apoplast (extracellular spaces) and transported primarily from the root to the shoot through the transpiration stream (13, 14) . The transpiration rate is governed by stomatal conductance, which displays diurnal oscillations (15 , but much more so in the wild type, although the phases were not altered (Fig. 1D) .
We ] o directly by expressing aequorin in the apoplast as described previously (16) . We found that [Ca 2+ ] o also displayed diurnal oscillations, which were similar in wild-type and CASas plants ( Fig. 2A) . [Ca 2+ ] o increased with increases in media Ca
2+
, and both genotypes showed virtually identical responses (Fig. 2B ). To ensure equivalent activity of apoplastic aequorin in both genotypes, we measured extracellular aequorin under conditions similar to those for cytosolic aequorin (17) . The aequorin protein abundance was similar in wild-type and CASas plants ( fig. S2 ). ] i oscillations. As expected, the stomatal conductance of wild-type plants was high in the day and low at night (Fig. 2C ). We also found that wild-type and CASas plants displayed similar diurnal oscillations in 45 Ca uptake and transport (Fig. 2D) . These experiments confirmed previous reports that Ca 2+ uptake and transport to leaves are controlled mainly by transpiration that is regulated by stomatal conductance (13, 14) . The shoot Ca content of seedlings grown at various concentrations of media Ca 2+ was similar between wild-type and CASas plants (Fig. 2E) (18) , it is possible that CAS might serve as a receptor triggering Ca 2+ release. To explore this possibility, we investigated the function of CAS in CICI in a heterologous system as well as in planta.
CAS confers CICI in human embryonic kidney 293 (HEK293) cells (10) . We observed that the CAS-green fluorescent protein (GFP) was localized in the vicinity of the plasma membrane in HEK293 cells (Fig. 3A) , consistent with the subcellular localization in plants (10) . We found that Ca 2+ o triggered IP 3 production in CASexpressing HEK293 cells (Fig. 3B) . The PLC blockers, neomycin and U-73122, inhibited CICI (Fig. 3C) . These results indicate that CAS can function as a receptor in the IP 3 pathway in HEK293 cells.
Next, we assessed whether CAS also serves as a receptor in the putative IP 3 pathway in Arabidopsis. In plants, some of the components seen in the animal IP 3 pathways have been identified (17, 18) . For instance, increases in IP 3 have been detected in response to several stimuli, which enhance the activities of PLCs. High-affinity IP 3 binding sites in internal membranes have been detected, although it is not clear whether plants have IP 3 Rs. IP 3 can also trigger Ca 2+ release from internal stores. Nonetheless, the molecular nature of corresponding cell-surface receptors remains obscure.
We found that neomycin abolished CICI in Arabidopsis guard cells (Fig. 3D) . Similarly, we observed CICI in mesophyll cells and also detected CICI in intact leaves using aequorin imaging, which suggests that CICI occurs in cells other than guard cells and at the whole-leaf level. To analyze further whether IP 3 participates in CICI, we measured the IP 3 content of leaves. Ca 2+ o induced IP 3 generation ( Fig. 3E ; P < 0.01), and neomycin eliminated the IP 3 production ( Fig. 3F ; P > 0.5). Together, these results suggest that Ca 2+ o may evoke the IP 3 pathway in Arabidopsis.
To verify Ca ] under long-day conditions for 2 to 3 weeks. Aequorin luminescence images were taken as in (B). Data from three experiments are shown (mean ± SD; n = 120 plants; two-way ANOVA, P < 0.001). (D) [Ca 2+ ] i oscillations in plants grown in 1 mM (solid lines) or 30 mM Ca 2+ (triangles) (mean ± SD; n = 120 plants; two-way ANOVA, P < 0.001). ] o . Luminescence images were taken as in Fig. 1C . The other conditions were the same as in (A). Data are shown as the mean ± SD (n = 75 plants; two-way ANOVA, P > 0.5). (C) WT plants were grown in soil for 3 weeks under long-day conditions, and stomatal conductance was monitored (mean ± SEM; n = 3). (D) 45 Ca uptake measured over a long day. 45 Ca was added to the growth solution at dawn. Shoots were collected every 2 hours for 2 days, and 45 Ca radioactivity was measured (17) . The data for the second day are shown. cpm/cm 19, 20) . Without stimulation, PH PLCd -GFP is located mainly at the plasma membrane, whereas upon PIP 2 hydrolysis and formation of IP 3 , PH PLCd -GFP binds to IP 3 , dissociates from the membrane, and translocates to the cytosol. This translocation can be used as an indicator of IP 3 (21-23). We generated Arabidopsis lines expressing 35S::PH PLCd -GFP and observed that PH PLCd -GFP was localized primarily to the plasma membrane ( fig. S3) . Ca 2+ triggered a reduction of PH PLCd -GFP fluorescence in the plasma membrane but an elevation in the cytosol (Fig. 4, A  and B) , indicating an increase in IP 3 concentration.
To substantiate whether CAS is involved in the IP 3 pathway, we analyzed Ca (Fig. 4, C to F) . These results suggest that CAS may act as a receptor in the IP 3 pathway, although CAS differs from its animal counterparts, the G protein-coupled receptors and receptor tyrosine kinases (1, 17 to newly synthesized cell-wall components, form Ca 2+ oxalate, or move into internal stores (13, 14 Sleep facilitates memory consolidation. A widely held model assumes that this is because newly encoded memories undergo covert reactivation during sleep. We cued new memories in humans during sleep by presenting an odor that had been presented as context during prior learning, and so showed that reactivation indeed causes memory consolidation during sleep. Re-exposure to the odor during slow-wave sleep (SWS) improved the retention of hippocampus-dependent declarative memories but not of hippocampus-independent procedural memories. Odor re-exposure was ineffective during rapid eye movement sleep or wakefulness or when the odor had been omitted during prior learning. Concurring with these findings, functional magnetic resonance imaging revealed significant hippocampal activation in response to odor re-exposure during SWS.
S leep facilitates the consolidation of newly acquired memories for long-term storage (1-3). The prevailing model assumes that this consolidation relies on a covert reactivation of the novel neuronal memory representations during sleep after learning (3) (4) (5) (6) . In rats, hippocampal neuronal assemblies implicated in the encoding of spatial information during maze learning are reactivated in the same temporal order during slow-wave sleep (SWS) as during previous learning (7, 8) . The consolidation of hippocampus-dependent memories benefits particularly from SWS (9-11), and reactivation of the hippocampus in SWS after spatial learning has also been seen in humans observed with positron emission tomography (12) . However, none of these studies experimentally manipulated memory reactivation during sleep. Therefore, its causal role in memory consolidation is still unproven.
We used an odor to reactivate memories in humans during sleep, because odors are well known for their high potency as contextual retrieval cues not only for autobiographic memories, as delicately described in Marcel Proust's Remembrance of Things Past, but also for various other types of memory, including visuospatial memories (13, 14) . Notably, in the brain, primary olfactory processing areas bypassing the thalamus project directly to higher-order regions, including the hippocampus (15) , which enables them to modulate hippocampus-dependent declarative memories (16) . The use of olfactory stimuli for cueing memories during sleep is particularly advantageous because odors, in contrast to other stimuli, can be presented without disturbing ongoing sleep (17) .
To establish a robust association between learning stimuli and a smell, we applied a purely olfactory stimulus (the smell of a rose) (18) repetitively while volunteers (n = 18) learned object locations in a two-dimensional (2D) objectlocation memory task in the evening before sleep. During the first two periods of subsequent SWS, the odor was presented again (in an alternating 30 s on/30 s off mode). In a control condition, odorless vehicle was delivered. The objectlocation task required visually learning the locations of 15 card pairs on a computer screen to a criterion of 60% correct responses (Fig. 1A) . The task is sensitive to the memory-improving effect of sleep (18) and involves hippocampal function (19) .
At retrieval testing after sleep, memory of the card locations was distinctly enhanced when the odor had been presented during SWS as compared to presentation of the vehicle alone. After the odor night, participants remembered 97.2 ± 4.1% of the card pairs they had learned before sleep, but they remembered only 85.8 ± 3.8% after the vehicle night (P = 0.001; Fig. 2A, 
